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Anatomy by computer experiment of the exchange of a water
molecule buried in human apolipoprotein E
Martine Prévost
Background: NMR experiments show that even water molecules that are well
ordered in a crystal structure exchange with the external solvent. Despite crucial
progress on the understanding of the exchange of crystal-buried water
molecules, the detailed pathways followed by a water molecule to escape from
or penetrate into the protein interior are unknown.
Results: The exchange of a crystal water molecule buried in the low-density
lipoprotein receptor-binding domain of human apolipoprotein E with a water
molecule from the external solvent was detected and monitored in a molecular
dynamics simulation. This simulation shows that the escape of the crystal water
molecule from the protein interior and the penetration of the water molecule
from the bulk occur by a single-pathway mechanism involving conformational
fluctuations of arginine and tryptophan sidechains. Along the pathway the
exchanging water molecule interacts specifically with protein atoms by way of a
varying pattern of hydrogen bonds.
Conclusions: The exchange pathway revealed by the molecular dynamics
trajectory suggests a mechanism by which hydrogen bonds work in relay to
permit either the penetration or the expulsion of a water molecule. This result
may have important implications not only on the process of water exchange but
also to probe ligand binding to proteins.
Introduction
Water has an important role in the formation and stabi-
lization of protein conformation as well as in protein
function. Not only does water have a global influence on
protein stability and protein folding through the
hydrophobic effect [1], it may also act as individual mole-
cules in the same biological events. An analysis of
protein structures indicated that water molecules
inserted into α-helical segments had a role in the folding
pathway of α helices in aqueous solutions [2] and two
long-residence water molecules were suggested to con-
tribute to protein stability [3]. One ordered water mole-
cule, seen in complexes of human immunodeficiency
virus (HIV) protease with peptide ligands, has guided
the design of a novel tightly bound inhibitor [4]. Further-
more, important roles in sequence-specific DNA recogni-
tion have been attributed to water molecules located in
the protein–DNA interface that are hydrogen bonded to
polar groups of both the protein and the DNA bases [5].
Even the most weakly bound waters with short residence
times may affect the conformation and properties of
macromolecules [6,7].
Our understanding of bound water at the atomic level
comes primarily from two experimental methods — X-ray
diffraction and NMR. Positionally ordered water mole-
cules detected in crystal structures reflect the fact that the
potential of mean force at the water molecule location has
a well defined local minimum; that is, the free energy of a
water at closely neighboring regions is relatively high,
forming an energy pocket [8]. NMR experiments show
that even those water molecules that are well ordered in
the crystal exchange with the external solvent and have
residence times ranging from 10 ns to 1 ms [9–12].
Despite crucial progress made in obtaining experimental
data on the exchange of buried water molecules [12], little
is known about the detailed pathways a water molecule
may use to escape from or penetrate into the protein inte-
rior and about the specific interactions the water molecule
experiences along these pathways. In that respect, molec-
ular dynamics (MD) simulations of several nanoseconds
could be useful in providing significant data on the struc-
ture and dynamics for the fast-exchanging water mole-
cules buried in proteins [13].
Here, we report that a water molecule buried in the
crystal structure of the low-density lipoprotein (LDL)
receptor-binding domain of apolipoprotein E3 (apoE)
exchanges with a water molecule from the external
solvent pool in the course of a 1.5-ns MD simulation.
The MD trajectory is used to reveal the microscopic
processes underlying this water exchange event and to
probe the escape/penetration pathway of the water mole-
cule structurally and energetically.
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Results and discussion
Detection of the structural buried water molecules
The crystal structure of apoE [14] contains five buried
water molecules (Figure 1). If this structure were static,
these water molecules would be permanently trapped
inside the protein. But proteins are dynamic and assume a
number of slightly different structures [15], allowing the
buried water molecules to exchange with the external
water pool. To get more insight into the dynamics of the
water molecules buried in the matrix of apoE, we per-
formed an MD simulation in solution of apoE and moni-
tored the burial of all the water molecules in the trajectory
(see Materials and methods) so as to detect whether a
water exchange occurs.
Four of the five water molecules buried in the crystal
structure remain buried after a 1.5-ns simulation. The fifth
crystal water molecule (W192) remains fully buried in
most of the conformations sampled in the first 1.12 ns. It
then no longer manifests itself as being fully buried in the
remainder of the simulation (Figure 2a), suggesting that it
exits the protein interior to be released in the external
solvent pool. At about 1.22 ns, a water molecule (W5141)
that belonged to the solvent pool in the starting configura-
tion of the simulation is detected as buried in the protein
interior and remains so for the last 0.28 ns (Figure 2b).
Localization of the buried water molecules
With a few exceptions [16,17], buried water molecules have
been observed crystallographically in polar cavities in which
they are seen to form hydrogen (H) bonds to protein atoms.
Hence, to localize the protein regions that house W192 and
W5141, we searched for the protein atoms to which these
waters are H bonded. Both the crystal water W192 and the
initially bulk water W5141, when buried in the protein inte-
rior, H bond to identical protein atoms (Figure 3) — the car-
bonyl group of Trp34, a residue belonging to helix 1 of the
four-helix bundle, and the guanidium group of the Arg145
sidechain, a residue pertaining to helix 4. This observation
suggests that both water molecules bury in the same loca-
tion in the protein interior and, hence, that the bulk water
W5141 exchanges with the crystal water W192 in the
protein interior. Before exiting the protein, W192 H bonds
transiently to the NH sidechain atom of Trp34 and to the
Arg38 sidechain (Figure 3a); interestingly, a similar pattern
of interactions is observed upon penetration of W5141 into
the protein matrix (Figure 3b). The evolution, along the tra-
jectory, of the H bonds formed by W192 and W5141 with
protein atoms supports the view that the pathway the
crystal water molecule W192 follows to exit the protein
interior resembles the one the bulk water molecule W5141
uses to penetrate the protein interior.
Conformational dynamics
Structural information on the escape/penetration pathway
of W192 and W5141 can be extracted from a detailed
analysis of the conformations sampled in the simulation.
We defined a reaction coordinate along which the water
exchange is monitored as the solvent-accessible surface
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Figure 1
Illustration of the X-ray structure of the LDL receptor-binding domain of
apoE viewed from the side of the four-helix bundle. ApoE, a blood
plasma protein, serves to regulate lipoprotein metabolism and to
control the transport and redistribution of lipids among tissues and
cells (for a review, see [33]). The three-dimensional structure of the
LDL receptor-binding domain of apoE comprises 144 residues
(residues 23–166) and has been determined at 2.25 Å resolution by
X-ray crystallography [14]. The protein forms an unusually elongated
up-down-up-down four-helix bundle, with a hydrophobic core including
leucine-zipper-type interactions. Basic amino acids important for LDL
receptor binding are clustered into a surface patch along the fourth
helix of the bundle. Five of the crystal water molecules that are buried
in the crystal structure are represented as dark circles. Sidechains of
the residues enclosing the buried crystal water (W192) that is
exchanging during the 1.5-ns simulation are depicted as sticks in light
gray (Trp34, Arg38 and Arg145).
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area (SASA) of W192 or that of W5141, because this coor-
dinate evidences the degree of exposure of the water mol-
ecule to the bulk water during the escape or penetration
process. The 1.5-ns trajectory constitutes a database of
conformations that span the reaction coordinate from con-
formations featuring buried to those featuring solvent-
exposed W192 or W5141. This database was clustered,
according to the SASA value of either W192 or W5141,
into 12 equally spaced partitions of 10 Å2 width ranging
from 0 to 110 Å2 in SASA (the accessible surface area of a
fully exposed water, computed using a 1.4 Å probe size, is
about 114 Å2). To identify the specific interactions W192
and W5141 experience along the reaction pathway,
average structures were computed from each partition.
Those computed from conformations featuring SASA
values higher than 70 Å2 were not used because of the
expected large fluctuation about the average positions of
W192 and of W5141.
The average structures computed from the partitions fea-
turing a SASA value of 0 Å2 (Figure 4) clearly show that
W192 and W5141 are structurally similar: they are both
caged by the sidechains of Arg145 (helix 4) and Arg38
(helix 1) that block the way to the external solvent pool,
and both sit on the top of the Trp34 ring (Figure 4). More-
over, W192 and W5141 when buried in the protein interior
(SASA = 0 Å2) make two ‘classical’ H bonds with the
mainchain of helix 1 (Trp34O) and a sidechain of helix 4
(Arg145NH) and one ‘aromatic’ H bond [18,19]. There
are, however, a few noticeable differences between the
two average structures: in the average structure with
W5141, the Arg145 sidechain makes two H bonds with
Gln41, and Arg38 makes a salt bridge with Asp35, while in
the average structure with W192, only one H bond is
formed between Arg145 and Gln41 and no salt bridge is
observed between Arg38 and Asp35.
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Figure 2
Solvent-accessible surface area (SASA) of the water molecules
(a) W192 and (b) W5141 as a function of the simulation time. W192
remains almost fully buried during about 1.12 ns of the trajectory, then
its accessibility to the solvent gradually increases over 125 ps to reach
its full accessibility (114 Å2) for the last 280 ps. W5141 is fully
accessible to the solvent in almost all the conformations sampled in
about 1.1 ns of the simulation, then its accessibility gradually
diminishes in about 125 ps to reach a zero accessibility in the
remainder of the simulation. SASA was computed from atomic
coordinates of individual conformations with a probe radius of 1.4 Å
using the analytical procedure of SurVol [30].
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Figure 3
Relative population of H bonds formed by (a) W192 and (b) W5141
with protein atoms in 20-ps frames, as a function of the 1.5-ns
simulation time. The protein atoms to which each water molecule H
bonds are noted on the left-hand side of the graph. Each rectangle
corresponds to a 20-ps bin and is shaded according to the magnitude
of the population.
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To permit W192 to exit the protein interior, a transient
opening of a channel due to conformational fluctuations
should occur. The conformational analysis of the average
structures as a function of the reaction coordinate SASA
discloses that local dihedral angle rotations of Arg145,
Arg38 and Trp34 result in opening a channel allowing the
buried water molecule to exchange with the external
water pool. Arg145 rotates about its χ4 (± 25°), Arg38
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Average structures of apoE computed from partitions of conformations
featuring increasing equally spaced SASA values (0, 10, 20…70 Å2)
of W192 (left column) and W5141 (right column). Only a ribbon
diagram of the 32–41 fragment of helix 1 and of the 141–148
fragment of helix 4 are displayed. Sidechains of residues Phe33,
Trp34, Asp35, Arg38, Gln41 and Arg145 are depicted in light gray
and W192 or W5141 are shown in black. H bonds are drawn in a
dashed line. The number in each frame indicates the SASA value of
either W192 or W5141.
rotates about its χ3 (± 50°) and a slight rotation about χ2 of
Trp34 (± 25°) is observed. The superposition of the
average structures featuring SASA values from 0 to 70 Å2
(not shown) shows that small mainchain displacements
occur as well and that they are localized in helix 1. (The
root-mean-square deviation of the atomic positions com-
puted for the Cα of the whole protein between all the
average structures reaches at most 0.7 Å.)
The succession of average structures shown in Figure 4 as
a function of increasing SASA values, for W192 and
W5141, reveals the structural mechanism by which W192
migrates from the protein interior to the external water
pool and that by which W5141 does the reverse. It is clear
from Figure 4 that, despite a few differences, the path-
ways of W192 and W5141, from SASA = 0 to 60 Å2, are
remarkably similar. Starting from the protein interior
(SASA = 0 Å2), the water molecule moves to a slightly
more solvent-accessible location (SASA = 10 Å2), off the
top of the Trp34 ring. In this structure, the water molecule
loses the H bond formed with the Trp34 mainchain but
still H bonds to the Arg145 sidechain. Two additional dif-
ferences appear in the average structure computed for
W192 at SASA = 10 Å2 compared with that at 0 Å2, that is,
the formation of an Arg38–Asp35 salt bridge and of one
additional H bond between Arg145 and Gln41. These two
interactions, already present in the average structure for
W5141 at SASA = 0 Å2, subsist in that at SASA = 10 Å2. At
SASA = 20 Å2 and 30 Å2, the water molecule remains H
bonded to the Arg145 sidechain but lies in the plane of
the Trp34 ring and forms a H bond with the Trp34NH
sidechain group. At SASA = 40 Å2, the water molecule
loses its H bond with the Arg145 sidechain but remains H
bonded to the Trp34NH sidechain group. At
SASA = 50 Å2, W192 and W5141 H bond with each other
and are engaged in a chain of H bonds involving
Asp35OD–Arg38NH–W192–W5141. At SASA = 60 Å2, the
pathways of W192 and W5141 diverge. In the average
structure with W192, the formation of an additional H
bond between W5141 and the Trp34NH sidechain and
the persistence of the chain of H bonds observed in the
structure at SASA = 50 Å2 result in the production of a
cyclic structure. W192 then escapes from the H-bond ring
and leaves W5141 H bonded to Arg38 (SASA = 70 Å2). In
the structure with W5141 at SASA = 60 Å2, W5141 is H
bonded to W192, which is itself H bonded to Trp34NH.
At SASA = 70 Å2, W5141 is released to the water pool and
leaves W192 H bonded to Trp34NH.
This sequence of events reveals an interesting machinery
of H bonds working in relay along the reaction pathway in
the protein to bury or expel the exchanging water mole-
cule. The observation that the water exchange is preceded
by local sidechain motions is in agreement with the belief
that these motions are functionally important in opening a
pathway for small ligands to enter or exit the protein
matrix [15,20]. We suggest that the mechanism reported
here could provide major insights into the microscopic
processes underlying migration of small polar ligands
within the protein interior.
Thermodynamics of cavity hydration
To stabilize a water molecule inside a cavity, the cavity
has to provide an energetically favorable environment at
least comparable to that provided by liquid water. If the
properties of a protein interior are assumed to resemble
those of a slightly polar liquid, we may estimate the prob-
ability of finding a water molecule in a preformed polar
cavity following Wolfenden and Radzicka’s method [21].
Using the concentration of water in butanol in equilib-
rium with water at 25°C, that is 9.4 M, the chance of
finding a water molecule that is in equilibrium with liquid
water in a preformed protein cavity would be roughly 1 in
3. From the single water exchange event that is observed
in the 1.5-ns trajectory (see Figure 2), we speculate that
the occupancy of the cavity could be close to 1. The dif-
ference between this value and the value derived from
the butanol/water system can be rationalized by the fact
that the cavity that houses W192 and W5141 is highly
charged and polar.
The average interaction energies of W192 and W5141
were computed as a function of the reaction coordinate
(SASA) for the escape of W192 and the penetration of
W5141. These calculations provide an energetic comple-
ment to the structural picture just described. Relatively
good estimates of internal energy can be obtained from
conventional MD simulations, as the low-energy regions
make the dominant contribution to these quantities. In
the present trajectory, the paucity of data, in particular
along the exchange pathway between the fully buried and
fully exposed locations, will of course affect the accuracy
of the interaction energy calculations. From Figure 2,
however, we can infer that the regions of phase space in
which W192 and W5141 are either buried (SASA = 0 Å2)
or exposed (SASA = 110 Å2) are extensively sampled,
whereas locations corresponding to a partial burial of the
two waters are less frequently visited.
The average interaction energy computed for W192 and
for W5141 in the exposed locations (SASA = 110 Å2) is
about –16 kcal/mol, whereas that of both water molecules
in the fully buried state (SASA = 0 Å2) is lower and equals
approximately –18 kcal/mol. The latter values are in the
range of those calculated for several water molecules
buried in crystal structures [22]. The interaction energy
computed in the exposed locations may, however, appear
as surprisingly lower than the value of the energy of liquid
water, that is about –10 kcal/mol. It should be borne in
mind, however, that the average environment of the water
molecule in the locations featuring a binned SASA value
of 110 Å2 does not match, in all conformations, that of a
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water molecule in the bulk, as protein atoms may quite
often be included in the cutoff sphere defined to compute
the interaction energy. Limits for the entropy of transfer-
ring a water molecule from its liquid to the protein interior
were estimated to range between 0 and 2 kcal/mol based
on the entropy of crystal hydrates and on the widely
shared view that the entropy of even weakly bound water
can hardly be greater than that of liquid water [23], thus
indicating, in agreement with our results on a single
cavity, that cavity hydration is an enthalpically driven
process. In contrast, however, one buried water molecule
in a bovine pancreatic trypsin inhibitor mutant was shown
to have, despite extensive H bonding, nearly the same
entropy as in bulk water [24]. In view of this result, the
authors suggested that, for less extensively H bonded
internal molecules, entropy instead of enthalpy could be a
driving force for cavity hydration, in contrast to the widely
shared view that the constraints imposed by the cavity are
likely to give rise to a loss of entropy.
Preliminary results on the analysis of buried water mole-
cules in X-ray and NMR structures as well as in MD simu-
lations of various proteins (M. Prévost, unpublished data)
suggest that, in addition to the number of H bonds in
which the buried water is engaged, structural factors, such
as the type of residue the buried water H bonds to
(charged or polar), whether the H bonding partner belongs
to a mainchain or a sidechain, to a secondary structure or a
loop, the local packing in the vicinity of the buried water
and the depth of the burial, could be at play in influencing
the residence time of internally bound water molecules.
The five internal water molecules in apoE are not deeply
buried; all H bond to protein atoms that belong to sec-
ondary structures and all H bond to at least one charged
amino acid. What distinguishes W192, which exchanges in
the 1.5-ns trajectory, from the other four buried water mol-
ecules in apoE is that W192 makes a single H bond with a
backbone atom whereas the other buried waters form at
least two backbone H bonds.
We may suggest that the role of a water molecule that
bridges helix 1 and helix 4 by H bonding is to heal a
packing defect in the native structure and to contribute to
the stability of the native protein. The methodology used
in this study may have wide applications, in particular in
protein–ligand binding. Moreover, the observation that
arginines play an important part in stabilizing W192 or
W5141 in the protein interior and during the exchange of
the latter could also be relevant for the understanding of
apolipoprotein function — lipid binding. In apolipopro-
teins AI and E, arginines were shown to be involved in
strong interactions with cholesterol through H bonds
between the hydroxyl group of cholesterol and the guani-
dium group of the arginines, eventually resulting in the
production of chelate complexes [25]. Even though cho-
lesterol molecules are bulkier than water, we suggest that
the mechanism underlying the water exchange reported
here could be useful for understanding lipid–apolipopro-
tein interaction as well.
The simulation reported here allows the identification of
one microscopic mechanism underlying a water
exchange. This result supports the view that MD simula-
tions using accurate molecular force fields can be used to
probe local structural rearrangements occurring in biolog-
ical systems [26].
Materials and methods
Molecular dynamics simulation
The simulation consisted of a system defined by the protein plus 5535
water molecules in a periodic volume with dimensions
(62.1/46.575/65.205 Å). The water density in the simulation box is
0.992 g/ml. The simulation was done starting with the high-resolution
crystallographic coordinates of apoE-RBD [14] and was carried out in
the microcanonical ensemble using the CHARMM program [27]. The
protein and solvent interacted via the CHARMM 22 force field where
all protein atoms are explicitly represented (A. McKerell et al., unpub-
lished data) and where the water is represented by the TIP3P model
[28]. Bonds connecting hydrogens were constrained using the SHAKE
algorithm [29] which permitted the use of an integration time step of
1 fs. Long-range interactions were smoothly truncated at 8.5 Å with a
shifting function for the electrostatic interaction and a switching func-
tion for van der Waals interaction, the latter being applied between 7.5
and 8.5 Å. After a 35-ps equilibration of the water structure in the pres-
ence of the fixed protein, the system was slowly brought up to a tem-
perature of 300 K for 40 ps and equilibrated for 120 ps, after which
1.5 ns of production run was carried out. Analysis was performed on
conformations collected every 0.2 ps.
Monitoring the burial of the water molecules
The burial of the water molecules was computed in each conformation
of the trajectory generated along the 1.5-ns simulation. A water mole-
cule is considered as being buried when its accessible surface area is
0 Å2. The accessible surface area of all the water molecules in the sim-
ulation box is computed using an analytical procedure SurVol [30];
those whose accessibility is non-zero are removed from the conforma-
tion set. This procedure is repeated until no water molecules appear as
being accessible. The peeling of the simulation box is then stopped
and the remaining water molecules are those which are buried within
the protein matrix.
Hydrogen-bonding criteria
Hydrogen bonds were identified using the molecular modeling package
Brugel [31] with the following criteria: a hydrogen–acceptor distance
must be ≤ 2.7 Å, the donor–hydrogen–acceptor and the
hydrogen–acceptor–«from» angles must be ≥ 90° («from» stands for
the atom covalently linked to the acceptor atom).
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